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Prologue 



"In my opinion, Mrs. Wendell — and I believe Dr. Steinmuth will 
concur— if you can live with entropy you can live with anything." 
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Ed Fisher, The New Yorker, 17 October 1977 
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Prologue 



"In my opinion, Mrs. Wendell — and I believe Dr. Steinmuth will 
concur— if you can live with entropy you can live with anything." 

"The concept of entropy is anyway one of the most occult 
concepts in physics. " 

H. Heuser-2010 



4 9/5/1 1 



Ed Fisher, The New Yorker, 17 October 1977 



U.C. Berkeley 
Karlsruhe Institute of Technology 




Entropy can be introduced in a way 
"which any schoolboy could understand" 

H.L Callendar-1911 



Prologue 




Callendar 
(1863-1930) 
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Ed Fisher, The New Yorker, 17 October 1977 
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Joseph Black 

(1728-1799) 
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Joseph Black 

(1728-1799) 



James Watt 

(1736-1819) 




Bit, Si I 
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http://www.theglasgowstory.com/images/TGSB00331_m.jpg 
http://192.197.62.35/staff/mcsele/newcomen.htm 
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Joseph Black 

(1728-1799) 




"fixed air" (carbon dioxide) 
released by adding acid to chalk 
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http://www.sciencephoto.com/media/4674/enlarge 
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Joseph Black 

(1728-1799) 





Joseph Priestly 

(1733-1804) 



Henry Cavendish 

(1731 -1810) 




Antoine Lavoisier 

(1743-1794) 
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http://en.wikipedia.org/wiki/Joseph_Priestley 

http://ffden-2.phys.uaf.edu/211_fall2010.web.dir/Smith_Elliot/About_Cav.html 

http://en.wikipedia.Org/wiki/File:Antoine_lavoisier.jpg 
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"Intensity of heat" (temperature) 
vs. "quantity of heat" 



1 st Chance 



Twice the 

'quantity of 

heat' 





T 



20°C 



20°C 



"If, for example, we have one pound of water 
in a vessel, and two pounds of water in 
another, and these two quantities of water 
are equally hot, as examined by a 
thermometer, it is evident, that the two 
pounds must contain twice the 'quantity of 
heat' that is contained in one pound. " 
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http://www.physikdidaktik.uni-karlsruhe.de/kpk/english/KPK_Volume_1.pdf 
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"Intensity of heat" (temperature) 
vs. "quantity of heat" 



Twice the 

'quantity of 

heat' 



— > 



20°C 



T 



20°C 
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Latent heat 



Mouse in ice 
calorimeter 
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http://www.nature.com/scitable/content/ice-calorimeter-developed-by-lavoisier-and-laplace-14898943 
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"Intensity of heat" (temperature) 
vs. "quantity of heat" 
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'quantity of 

heat' 
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Large heat capacity Small heat capacity 
(e.g. water) (e.g. mercury) 



"Quicksilver.. .requires less heat 
to heat it, than that which is 
necessary to heat by the same 
number of degrees an equal 
measure of equally cold water. " 



12 



9/5/1 1 



http://www.sprawls.org/ppmi2/XRAYHEAT/ 
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"Intensity of heat" (temperature) 
vs. "quantity of heat" 



Twice the 
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heat' 
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Latent heat 



Thermal Equilibrium 
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http://www.chem 1 . com/a cad/webtext/chemeq/Eq-01 .html 
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"When we perceive that what we call heat disappears 
In the [melting] of ice, and reappears in the [freezing] 
of water, and a number of analogous phenomena, we 
can hardly avoid thinking it a substance.. . 




"But since heat has never been observed by us in a 
separate state, all our notions of this union must be 
hypothetical. " 
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1783: Lavoisier's "Table of Simple Substances" 
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Antoine Lavoisier 

(1743-1794) 
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Traite Elementaire de Chimie, http://books.google.com/books?id=-KkO-8zd1voC 
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1783: Lavoisier's "Table of Simple Substances" 
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Francis Bacon 

(1561 -1626) 
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http://en.wikipedia.org/wiki/Francis_Bacon 
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"Intensity of heat" (temperature) 
vs. "quantity of heat" 
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Large heat capacity Small heat capacity 
(e.g. water) (e.g. mercury) 



Latent heat 



Mouse in ice 
calorimeter 
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Thermal Equilibrium 
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1 st Chance 



"It is correct, then, to say that a system has 
a large amount of internal energy, but it is 
not correct to say that a system has a large 
amount of heat or a large amount of work. 
Heat is not something that is contained in 
a system. Rather, it is a measure of energy 
that flows from one system to another 
because of a difference in temperature. " 

Tipler, 2003 





Paul Tipler 
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http://www.whfreeman.com/Catalog/static/whf/tiplerbridgepage/ 
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"Creatio ex nihilo" 



You can't create something from nothing 
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1798: Rumford's Canon Boring Experiment 
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Count Rumford 
(Benjamin Thompson) 

(1753-1814) 
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1798: Rumford's Canon Boring Experiment 

"Anything which an insulated body or system of 
bodies can continue to furnish without limitation, 
cannot possibly be a material substance. " 
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Count Rumford 
(Benjamin Thompson) 

(1753-1814) 
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"Intensity of heat" (temperature) 
vs. "quant i ty of hoat" entropy 



1 st Chance 
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'quantity of 

heat' 
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20°C 



"If, for example, we have one pound of water in a vessel, 
and two pounds of water in another, and these two 
quantities of water are equally hot, as examined by a 
thermometer, it is evident, that the two pounds must contain 
twice the 'quantity of hoat' that is contained in one pound. " 

entropy 
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http://www.physikdidaktik.uni-karlsruhe.de/kpk/english/KPK_Volume_1.pdf 
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Sadi Carnot 

(1796-1832) 



2 nd Chance 
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Sadi Carnot 

(1796-1832) 
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Lazare Carnot 

(1753-1823) 
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http://www.eoht.info/page/Lazare+Carnot 
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1824: Carnot's Heat Engines 



2 nd Chance 




1) Is there a fundamental limit for the improvement of heat 
engines? 

2) Are there agents preferable to steam for developing the movitve 
power of heat? 
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Reflections on the Motive Power of Heat 
http://en.wikipedia.Org/wiki/File:Grazebrook_Beam_Engine.jpg 
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1824: Carnot's Heat Engines 



2 nd Chance 




1) Is there a fundamental limit for the improvement of heat 
engines? 

2) Are there agents preferable to steam for developing the movitve 
power of heat? 




"The production of motive power is 
...due in steam-engines not to an 
actual consumption of caloric, but 
to its transportation from a warm 
body to a cold body, that is, to its 
re-establishment of equilibrium. " 
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Reflections on the Motive Power of Heat 
http://en.wikipedia.Org/wiki/File:Grazebrook_Beam_Engine.jpg 
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"The motive power of a waterfall 
depends on its height and on the 
quantity of the liquid; the motive power 
of heat depends also on the quantity 
of caloric used, and on what... we will 
call, the height of its fall, that is to 
say, the difference of temperature of 
the bodies between which the 
exchange of caloric is made. " 




More water 



Waterfall 
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https://home.zhaw.chMuh/COURSES/JO/Files_V/PER_Essay.pdf 



U.C. Berkeley 
Karlsruhe Institute of Technology 








2 nd Chance 



mass, gh 2 



water wheel 



Eta 
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Carnot's Engine Cycle 
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Carnot's Engine Cycle 
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piston and cylinder 
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http://energyandhome.co.uk/page9.htm 
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Carnot's Engine Cycle 
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Perfect reversible cycle: 

No useless re-establishment of 
equilibrium - "an actual loss" 
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Peripety 

TT£piTT£T£IC(: "a sudden change, 
unexpected good fortune/misfortune" in a drama 
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1842: Mayer's Heat Equivalent 



Peripety 




"The warming of a given weight of 
water from 0° to 1°C corresponds to 
the fall of an equal weight from the 
height of about 365 metres. " 



Julius von Mayer 

(1814-1878) 
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http://en.wikipedia.Org/wiki/File:Julius_Robert_Mayer_von_Friedrich_Berrer.jpg 
"Remarks on the Forces of Inorganic Nature," http://web.lemoyne.edu/~giunta/mayer.html 
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1843: Joule's Heat Equivalent 



Peripety 




James Joule 

(1814-1889) 




"I [am] satisfied that the grand agents of nature 
are, by the Creator's fiat, indestructible; and that 
wherever mechanical force is expended, an exact 
equivalent of heat is always obtained. " 
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http://en.wikipedia.0rg/wiki/File:J0ule_James_sitting.jpg 

"On the Calorific Effects of Magneto-Electricity, and On the Mechanical Value of Heat" 
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1 848: Kelvin's "Absolute Thermometric Scale" Peripety 



"The conversion of heat (or caloric) into 
mechanical effect is probably impossible 
certainly undiscovered. 



n * 



This opinion seems to be universally held 
by those who have written on the subject. A 
contrary opinion however has been advocated 
by Mr. Joule of Manchester. " 




Lord Kelvin 
(William Thomson) 

(1822-1888) 



37 9/5/1 1 "On an Absolute Thermometric Scale Founded on Carnot's Theory of the Motive Power of Heat, U.C. Berkeley 

and Calculated from Regnault's Observations" Karlsruhe Institute of Technology 



1849: Kelvin Re-interprets Carnot 



Peripety 



"When 'thermal agency' is., .spent conducting 
heat through a solid, what becomes of the 
mechanical effect which it might produce? 
Nothing can be lost in the operations of nature 
— no energy can be destroyed. " 




Lord Kelvin 
(Benjamin Thomson) 

(1822-1888) 
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"An Account of Carnot's Theory of the Motive Power of Heat; with 
Numerical Results Deduced from Regnault's Experiments on Steam" 
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1849: Kelvin Re-interprets Carnot 



Peripety 



"When 'thermal agency' is.. .spent conducting 
heat through a solid, what becomes of the 
mechanical effect which it might produce? 
Nothina&aube lost in the operations of nature 
— noenergy\an be destroyed. " 



First modern use of "energy" 




Lord Kelvin 
(Benjamin Thomson) 

(1822-1888) 
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"An Account of Carnot's Theory of the Motive Power of Heat; with 
Numerical Results Deduced from Regnault's Experiments on Steam" 
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1850: Clausius Integrates Joule and Kelvin 



Peripety 



"It is not even requisite to cast the 
theory of Carnot overboard. . .It is 
quite possible that in the production 
of work... a certain portion of heat 
may be consumed, and a further 
portion transmitted from a warm 
body to a cold one; and both 
portions may stand in a certain 
definite relation to the quantity of 
work produced. " 




Rudolf Clausius 

(1822-1888) 
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"On the Moving Force of Heat and the Laws of Heat which may be Deduced Therefrom" 
http://en.wikipedia.Org/wiki/File:Clausius.jpg 
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1850: Clausius Integrates Joule and Kelvin 



Peripety 
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1851: Kelvin Agrees with Clausius 



Peripety 



"Heat is not a substance, but a dynamical 
form of mechanical effect" 




Lord Kelvin 
(Benjamin Thomson) 

(1822-1888) 
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"On the Dynamical Theory of Heat, with Numerical Results Deduced from Mr. Joule's 
Equivalent of a Thermal Unit, and M. Regnault's Observations on Steam" 
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1852: Kelvin Explains "Waste" 



Peripety 



"As it is most certain that Creative Power 
alone can either call into existence or 
annihilate mechanical energy, the 
'waste'. . .cannot be annihilation, but must be 
some transformation of energy. " 




Lord Kelvin 
(Benjamin Thomson) 

(1822-1888) 
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"On a Universal Tendency in Nature to the Dissipation of Mechanical Energy" 
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1854: Clausius Defines "Equivalence-Value" 



Peripety 




=o 



"The generation of the quantity of heat 
[energy] Q of the temperature T from 
work, has the equivalence-value Q/T. " 




Rudolf Clausius 

(1822-1888) 
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"On a Modified Form of the Second Fundamental Theorem in the Mechanical Theory of Heat" 
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1864: Clausius Re-names it "Entropy" 



Peripety 





=o 






"I propose to call the magnitude S the entropy 
of the system, after the Greek word Tponrr) , 
transformation ...to be as similar as possible to 
the word energy: for the two magnitudes to be 
denoted by these words are so nearly allied in 
their physical meanings, that a certain similarity 
in designation appears to be desirable." 




Rudolf Clausius 

(1822-1888) 
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"On Several Convenient Forms of the Fundamental Equations of 
the Mechanical Theory of Heat" 
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3 rd Chance 




H.L. Callendar 

(1863-1930) 
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H.L Callendar 

(1863-1930) 



J.J. Thompson 

(1856-1940) 




Platinum resistance thermometer 
-160°Cto1600°C 
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http://www.chemheritage.org/discover/chem 
"The Callendar Effect," Fleming 2009 
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The Callendar Steam Tables, 1915 
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191 1 : Callendar Re-argues Carnot 



3 rd Chance 




"Clausius gave it the name 'entropy, ' and 
defined it as the integral of dQ/T. Such a 
definition appeals to the mathematician only. 
In justice to Carnot, it should be called 
caloric... Even the mathematician would gain 
by thinking of caloric as a fluid, like electricity, 
capable of being generated by friction or other 
irreversible processes. " 
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"The Caloric Theory of Heat and Carnot's Principle" 
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1911: Callendar Re-argues Carnot 






"We have become so saturated with the 
idea that heat is energy. . .that 
we., .forget that a quantity of heat is not 
completely specified by its energy 
equivalent. . . 

"It is true that we can solve most 
questions in heat in terms of energy and 
temperature, without explicit reference 
to caloric or [entropy]. We could 
similarly solve most electrical problems 
without mentioning amperes. 
But. . .[everything is] greatly simplified 
and rendered more direct if we adopt 
caloric as the true measure of heat 
quantity and regard it as possessing 
energy in virtue of its temperature." 
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"The Caloric Theory of Heat and Carnot's Principle" 



U.C. Berkeley 
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1938: Son Establishes "The Callendar Effect" 




THE ARTIFICIAL FROUlicTION OF CARBON" PIOXIDF. 
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551,510.4: 551*5*1.3: 551. 5^4.34 

THE ARTIFICIAL PRODUCTION OF CARBON DIOXIDE 
AND ITS INI J. li: MI! ON TEMPERATURE 

By k S. CALLENDAR 

(Steam ttchDOlogfcft to th& British Electrical and Allied Industries 

Kc&i-arch Assoc 13 lion.) 

(Otmmiinicafrd by Tir. G_ M. I!. DuUsoN, F.K.S-) 
IMuiiiH-ripl rtf^Srtd May l* h 1WT— ™I Frtrurj 1*, IfflW 

Summary 

By fuel combustion man has added about 150,000 million tons 
of carbon dioxide 10 the air during the past half century, The author 
ettimatr* from itn- br-si avaijubk' e|:ii;i i^jii uppmsiiiKLtHy three 
quarters of this has remained In the atmosphere, 

The radiation absorption coeflicienls of carbtui dioxide and water 
vapour are used 10 shrw the clft'rt of carbon dioxide on hl sky radia- 
lion." Lnint lhis ihe increase In mean temperature, dm- to the 
artificial production of carbon di03cide k is estimated to be at the rate 
of Q"oo3°C. per year at the present time. 

Thr | run per a lure* objurgations at joo mctcn mimical s unions ;ire 
La std to *hmv thai ivorld triuu-L-riinirrh have a dually increased nt ;m 
avtTH^r rate of o-oo^C. per year during the pa?.t half century. 



The Callendar Effect 
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G.S. Callendar 

(1898-1964) 
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http://wiki.nsdi.0rg/index.php/PALE:ciassicArticies/Giobaiwarming/Articie6 

Tfre Callendar Effect: The Life and Work of Guy Stewart Callendar (1989-1964), The scientist 
who established the carbon dioxide theory of climate change, James Rodger Fleming, 20098 
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Gottfried Falk 

(1922-1990) 



Encore 
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Gottfried Falk 

(1922-1990) 




Friedrich Herrmann 



i ..Ik 

Herrmann 



NeuePhysik 



Das 

Energiebuch 
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http://www.physikdidaktik.uni-karlsruhe.de/Kontakt/Kontakt.html 
http://www.physikdidaktik.uni-karlsruhe.de/kpk/Energiebuch.pdf 
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Georg Job 



Encore 
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A New Concept 
of Thermodynamics 

Entropy as Heat 

Draft, last update: 2Q06 07 • 1 
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Georg Job 




Fig. 2,24: Heat* conduction 



Encore 



Georg Job 

A New Concept 
of Thermodynamics 

Entropy as Heat 

Draft, last update: 2Q06 07 • 1 
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1985: Falk's Synthesis 



Encore 




L. ±, J 



Job's "Entropy" 




Fig. 2.24: Heat* conduction 



Carnot's "Caloric" 




Black's "Quantity 
of heat" 



20°C 20°C 









"Entropy can be visualised as a kind of substance which obeys 
'half a conservation theorem': it can be created but not destroyed." 
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Exodus 
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Momentum 

Entropy 
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The Karlsruhe 
Physics Course 
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http://www.physikdidaktik.uni-karlsruhe.de/publication/pub_fremdsprachen/englisch 
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Hvrfroovn gas 



Hydrogen atom 





Caloric 



Electrons and protons 
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http://www.physikdidaktik.uni-karlsruhe.de/software/hydrogenlab/ 
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Exodus 



"Macroscopic entropy" complements the 
statistical mechanical interpretation 




Ludwig Boltzmann 

(1844-1906) 



S = k log W 

"The logarithm of a 
probability of a 
complexion" 
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http://atlasobscura.com/place/boltzmanns-grave 
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Entropy is hugely important for solving 
our energy and climate problems. 
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http://atlasobscura.com/place/boltzmanns-grave 
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Exodus 



Entropy is hugely important for solving 
our energy and climate problems. 

We have one more chance, maybe the 
last one. 

Let us see if we can find a way to live 
with entropy. 
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http://atlasobscura.com/place/boltzmanns-grave 
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Wilhelm Ostwald 

(1853-1932) 



Johanne Bronsted 

(1879-1947) 



Victor La Mer 

(1895-1966) 



Table I. Interpretation of Carnot's terms. 



Thurston 

(1890) Ostwald 

Carnot Kelvin Clausius Magie (1899) (1892) Brtfnsted 

(1824) (1849-52) (1850; (translation) (translation) (1937 ) 

feu 1 1 heat feuer (none given) 

chaleur \ heat j- warme heat warme heat 

caloriquej j caloric warmestoff entropy 



Encore 




Thomas Kuhn 

(1922-1996) 
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Exodus 

"Renewable energy sources in terms of entropy" 

Jan-Peter Meyn, European Journal of Physics, 201 1 
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1842: Mayer's Heat Equivalent Peripety 



"The warming of a given weight of water from 
0° to 1°C corresponds to the fall of an equal 
weight from the height of about 365 metres. If 
we compare with this result the working of 
our best steam-engines, we see how small a 
part only of the heat applied under the boiler 
is really transformed into motion or the 
raising of weights; and this may serve as 
justification for the attempts at the profitable 
production of motion by some other method 
than the expenditure of the chemical 
Julius von Mayer difference between carbon and oxygen-more 

(1814-1 878) particularly by the transformation into motion 

of electricity obtained by chemical means. " 




66 9/5/11 http://en.wikipedia.Org/wiki/File:Julius_Robert_Mayer_von_Friedrich_Berrer.jpg u.C. Berkeley 

"Remarks on the Forces of Inorganic Nature," http://web.lemoyne.edu/~giunta/mayer.html Karlsruhe Institute of Technology 
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1799: Davy's Ice Friction Experiment 



1 st Chance 





Humphry Davy 

(1778-1829) 



"It has then been experimentally 
demonstrated that caloric, or the 
matter of heat, does not exist. . . 

"Heat. . .may be defined a peculiar 
motion, probably a vibration, of the 
corpuscles of bodies, tending to 
separate them. " 
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http://progressivewriter.blogspot.com/2011/04/scientists-birbel-shagani-sir-humphry.html 

"On Heat, Light, and the Combinations of Light", http://books.google.com/books?id=jd9LAAAAYAAJ 



U.C. Berkeley 
Karlsruhe Institute of Technology 



1808: Dalton's Elastic Atmospheres 



1 st Chance 
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John Dalton 

(1766-1844) 



"4 particles of azote with their 
elastic atmospheres, marked by 
rays emanating from the solid 
central atom; these rays being 
exactly alike in all the 4 particles, 
can meet each other, and maintain 
an equilibrium. " 
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A new system of chemical philosophy , http://books.google.com/books7icNWp7QAAAAMAAJ 
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1834: Clapeyron Re-interprets Carnot 



2 nd Chance 




Emile Clapeyron 

(1814-1878) 



Fig- 1. 
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diagram 




Watt's Engine 
Indicator 
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"Memoir on the Motive Power of Heat" 
http://commons.wikimedia.Org/wiki/File:lndikator_Dampfmaschine.jpg 
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H.L Callendar 

(1863-1930) 


Exodus 

"The more shadowy 
the conception to be 
visualized, the greater 
the need of a definite 
material analogy." 
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